Abstract-This paper proposes a novel energy conversion system for variable speed drives. It consists of a wound rotor machine and an inverter without any rectifier and input filter. In the proposed system, the stator of the machine is directly connected to a single-phase grid and the rotor is connected to three-phase inverter isolated with any external power source. The inverter can not only be connected through slip rings but also integrated on the rotor due to the structure. In this paper, based on the positive and negative sequence model, the rotor, stator powers, and the torque capability in the rotor energy balance and unity grid power factor are analyzed. From these analyses, the vector control methods of the torque, speed, the dc-link voltage of the isolated inverter, and the grid power factor are proposed. Since the power supplied from the single-phase grid is pulsating and the machine is directly connected to the grid, the controlled torque and power inevitably pulsates at twice the grid frequency. Nevertheless, the machine can start, accelerate, and decelerate in the wide range. The experimental results present the performance and the feasibility of the proposed system. Index Terms-Energy conversion system, variable speed drive, vector control, wound rotor machine.
I. INTRODUCTION
R ECENTLY, ac-ac energy conversion systems with regenerative capability have been widely applied for adjustable speed operation of electric machines in various industries. Many researches have attempted to achieve high performance, efficiency, and reduced costs of the system [1] - [15] . In these energy conversion systems, a back-to-back system is mostly used because of its simple structure, bidirectional operation capability, and high quality of the grid control. The back-to-back system consists of two voltage source inverters (VSIs), a common dc-link capacitor, and an input filter. One of the VSIs is connected to the three-phase machine and controls the current, torque, and/or speed. The other is connected to a grid source, which can be either a single-phase grid or a three-phase grid. It regulates the dc-link voltage and the grid Power Factor (PF). Here, since the switching devices cause current harmonics, the input filter is placed between the grid side VSI and the grid.
In the back-to-back system, the machine drive is performed by the machine side VSI only and the other functions, such as regulating the dc-link voltage and the grid current, are executed by the other parts. These parts lengthen the energy conversion sequence of the system as in Fig. 1 (a) and increase the cost, complexity, and losses. In the considerations, doubly fed induction machine (DFIM), in which the stator and rotor windings are connected to the three-phase grid and the back-to-back system, respectively, can be a solution to reduce costs and losses. In DFIM, since only slip power needs to be handled by the backto-back system of the rotor side, the power rating of it can be reduced to 25-30% [16] - [21] . However, the operating range is restricted to the low slip speed range to reduce the slip power, and the energy conversion sequence is longer than in the case of Fig. 1(a) , so the total system becomes more complex. In the recent research, the drive system with the simplified energy conversion sequence as shown in Fig. 1 (b) was proposed [22] , [23] . In this system, the stator is directly connected to the grid and a single inverter is applied to the rotor, so it can be called a single external feeding of doubly fed wound rotor machine (SEF-DFWM). Compared with the conventional DFIM system, the possible operating area is restricted, but the cost, the complexity, and the energy conversion stages can be reduced. This paper proposes a new drive system applying a singlephase grid source. It is inspired by the energy conversion concept of the SEF-DFWM as in Fig. 1(b) . This system is called a single external feeding of single-phase doubly fed wound rotor machine (SEF-SDFWM). In SEF-SDFWM, one end of the single-phase grid is directly connected to the stator side a-phase winding, the other end is connected to b-and c-phase windings, and a three-phase inverter is applied to the three-phase rotor windings as shown in Fig. 2(a) and (b) . The inverter of the rotor side can be connected to the rotor windings through the slip rings as in Fig. 2(a) , or it can be integrated on the rotor shaft as shown in Fig. 2(b) because it has no external power source and connection. Here, the inverter-integration applied in [8] can be used. In this case, the slip rings and brushes are eliminated so the total system structure becomes more compact. The full integration of the inverter requires additional techniques to control the system without any measurement of the stator and external sides. However, the main focus of this paper is not the integration of the rotor-side inverter itself, but the operation principle and the control method of SEF-SDFWM. Therefore, this paper covers the case of Fig. 2 (a) only but can be extended to the concept of Fig. 2(b) .
In this paper, SEF-SDFWM is modeled as the sum of two DFIMs, of which the stator windings are connected to the threephase voltages in the positive and negative sequences, respectively. Based on the rotor currents of these models, the characteristics of the torque, the rotor, and stator powers are analyzed. From these analyses, the control methods of the torque, speed, the dc-link voltage of the rotor-side inverter, and the grid PF are proposed. The experimental results are presented to prove the feasibility of the proposed system.
II. MODELING AND FIELD ORIENTATION

A. Modeling of the Single-Phase Grid
While the single-phase grid is directly connected to the stator windings without auxiliary winding as in Fig. 2(a) and (b), the stator flux is not rotating but pulsating [24] - [30] . Since the conventional vector control is based on the rotating flux, it cannot be directly applied to the proposed system. Thus, in this paper, the single-phase grid voltage connected to the stator windings is modeled as the sum of two three-phase voltages applied to the three-phase windings. The two three-phase voltages are called positive sequence voltages and negative sequence voltages, respectively, which rotate at the same synchronous speed in opposite directions and have the same magnitude. While as the single-phase grid voltage is given by (1), the positive and negative sequence voltages can be represented as in (2) and (3), respectively. 
where E is the magnitude of the single-phase grid voltage, θ grid denotes the angle of it, the subscript "p" and "n" mean the positive and negative sequence, respectively, E p is the magnitude of the modeled three-phase voltages, and the a-phase voltages of them, V as,p and V as,n , are synchronized to the single-phase grid voltage, V s . Here, E p can be determined by applying the superposition principle to the modeled three-phase voltages. Since each of them is balanced, the following relations are satisfied:
If the result of (4) is applied, the sum of the positive and negative sequence three-phase voltages can be represented by the single-phase voltage applied between the a-phase and the other phases as shown in Fig. 3 . Therefore, each magnitude of the modeled three-phase voltages is determined by a third of the magnitude of the single-phase voltage (E p = E/3).
B. Positive and Negative Sequence Models of SEF-SDFWM
SEF-SDFWM can be modeled as the sum of two DFIMs, of which the stators are directly connected to the positive and negative sequence three-phase voltages, respectively, and they are called positive and negative sequence models. Here, each of them is exactly the same as the case of the conventional gridconnected DFIM. Therefore, the d-q equivalent circuit of the DFIM in the stator flux reference frame can be applied to each of the models as shown in Fig. 4(a) and (b) , where the superscripts "p" and "n" denote the positive and negative sequence stator flux reference frames, and ω p and ω n are the frequencies of the positive and negative sequence stator fluxes, respectively. Thus, the conventional stator flux oriented vector control for the DFIM in [16] - [21] can be applied to each of them.
C. Field Orientation in the Proposed Vector Control
In the case of the DFIM, the stator flux angle can be obtained from the measured grid voltage without any flux measurements. where the superscript "s" is a stationary reference frame. From (5), it can be deduced that the angle difference between the stator flux and the grid voltage maintains 90
• . Thus, the angle of the stator flux is obtained from the grid voltage, and its frequency becomes the same as the grid frequency, ω g . In the same manner, the angles of the positive and negative sequence stator flux sequence stator fluxes, θ sf ,p and θ sf ,n , are approximated as θ grid and −θ grid , and the frequencies of them, ω p and ω n , are approximated as ω g and -ω g , respectively.
Therefore, θ grid and −θ grid can be used as the field orientation angles of the positive and negative sequence stator flux reference frames, respectively.
III. CHARACTERISTICS OF SEF-SDFWM
As mentioned previously, SEF-SDFWM is modeled as the sum of the positive and negative sequence models. Hence, from the models, the components of the proposed system can be determined. This section presents the characteristics of SEF-SDFWM such as the torque, stator and rotor powers based on the models. The torque capability considering the grid PF regulation and the stabilization of the dc-link voltage is also analyzed.
A. Torque Characteristics of SEF-SDFWM
Torque of the electric machine can be determined by the currents and fluxes. In DFIM, the torque can be represented by rotor currents and stator fluxes as follows:
where the superscript "ω" is an arbitrary reference frame, Im{•} means an imaginary part of {•}, and the superscript " * " denotes the complex conjugate. In SEF-SDFWM, since the stator fluxes and the rotor currents can be determined by sum of the positive and negative sequence models, the torque can be divided into four components as follows:
where T e,pp is the torque by the positive sequence fluxes and currents, T e,nn by the negative sequence currents and fluxes, (5) is applied to the models, each of the d-axis stator fluxes in the models can be decided by the ratio of E p to the grid frequency as follows:
The torque of SEF-SDFWM becomes a function of the rotor currents. If the rotor currents are controlled in each of synchronous frames, the torques of (8)- (11) can be classified into two categories; ripple torque, T ripple , and effective torque, T eff
where K T is the torque constant. The sum of T e,pn and T e,np produces the ripple torque, of which the frequency is twice the grid frequency, 2ω g . This ripple torque by the pulsating stator flux mentioned previously causes the speed ripple of the system. However, it has no effect on the average level of the speed. Also, as the inertia of the system increases, the ripple effect decreases. On the other hand, the sum of T e,pp and T e,nn generates the effective torque, which is proportional to the torque constant and the sum of the positive and negative q-axis rotor currents. The effective torque determines the average speed, so in this paper, only the effective torque is considered for the torque control. Therefore, since the ignored ripple torque of (13) results in the ripple speed, the application of the proposed system should be cautiously decided and additional inertia may be required to reduce the ripple effect. Table I . The shapes of those curves are not perfectly linear because the positive and negative sequence d-axis stator fluxes have small effect from the rotor currents. This variation of the stator flux can result in torque errors, but it is less than 10% of the value of (12) and these errors can be compensated by the stator flux estimation or lookup table.
B. PF of the Grid
In the grid-connected system, the grid PF should be regulated. In the DFIM systems, the stator active and reactive powers can be controlled by one-rotor current vector, and this makes the PF regulated [16] - [21] . The proposed system has two-rotor current vectors, which are the positive and negative sequence rotor current vectors. Thus, the increased current vectors are considered for the PF regulation.
Since the grid-side current of the proposed system flows through the a-phase winding as shown in Fig. 2 , it is determined by the d-axis stator current in the stationary reference frame. Thus, in the proposed system, the grid side current is obtained as follows: (15) where I s denotes the grid-side current. In order to use the control variables in the positive and negative sequence stator flux reference frames instead of I s ds,p and I s ds,n , the coordinate transformation based on the assumption of (6) and the fluxes equations of the positive and negative sequence models are applied and then I s ds,p and I s ds,n become as follows:
From (15) and (16) 
The first term of the right side in (17) is in phase with the grid voltage of (1) and becomes an active current supplying the active power. On the other hand, the second term is in quadrature with the grid voltage and becomes a reactive current supplying the reactive power. From these currents and the grid voltage of (1), the values of the stator active power, P s , and the stator reactive power, Q s , can be obtained as follows:
Since the active power of (18) is a sole power source in the total system, it is varied according to rotating speed and torque of the machine. Hence, in order to satisfy the PF regulation of the grid code regardless of the operating condition, the reactive power control is required and can be achieved by sum of the positive and negative sequence d-axis rotor currents based on (19) . For example, unity PF or zero reactive power control is accomplished, where sum of the d-axis rotor currents satisfies the following condition:
Because the sum of the d-axis rotor currents is only decided for a specific stator reactive power, there are many combinations of them. In this paper, the combination for reducing the torque ripple is recommended as follows:
In the proposed system, the d-q axis rotor currents in the positive and negative sequences cause the ripple torque as in (13) . To generate the effective torque, the torque ripple by the q-axis rotor currents is inevitable, but that by the d-axis rotor currents can be removed by making the same d-axis rotor currents as in (21) .
C. Energy Balance of the Rotor-Side Inverter
As mentioned previously, the rotor-side inverter connected to the rotor has no external power source. Therefore, unlike the conventional vector control of DFIM, additional considerations about the dc-link voltage regulation are needed in the inverter.
In this system, the dc-link voltage depends on the rotor power only from the rotor windings through the rotor-side inverter. Here, the rotor power includes powers consumed in the rotorside inverter, such as losses of the switching device and the control board power consumptions, but these powers are assumed to be relatively small and ignored. Even if these powers are large, the dc-link voltage controller proposed in the paper can compensate it. Therefore, the rotor power can be determined by the positive and negative sequence rotor voltages and currents, V 
P r,eff = P r,pp + P r,nn .
The sum of P r,pn and P r,np produces the ripple rotor power, of which the frequency is twice the grid frequency. This ripple rotor power causes the ripple in the dc-link voltage but has no effect on average value of the dc-link voltage. Besides, as the capacity of the dc link increases, the voltage ripple decreases. On the other hand, the sum of P r,pp and P r,nn generates the effective rotor power, which can regulate the dc-link voltage, so in this paper, only the effective rotor power is considered for the dc-link voltage control. Thus, the large capacitance may be required to smooth the ripple of the dc-link voltage, but when the large capacitor size of the normal single-phase source system to endure the power ripple is considered, the capacitor size in the proposed system is not such a large penalty. Whenever P r,eff > 0, the energy of the dc link is supplied to the rotor windings so the voltage of the dc link decreases. Where P r,eff < 0, the voltage increases. Where P r,eff = 0, the energy of the inverter is balanced and the dc-link voltage is maintained. This means that the dc-link voltage can be controlled by the effective rotor power. The effective rotor power becomes the function of the rotor currents at a certain slip speed as shown in (22) and (23) . However, since the d-axis rotor currents cause copper losses only, they cannot be the active factors for bidirectionally controlling the effective rotor power. Also, they are determined for the stator reactive power control, so the q-axis rotor currents become the active factors for controlling the effective rotor power. Assumed that the d-axis rotor currents are regulated to satisfy the conditions of (20) and (21), the equation that P r,eff = 0 can be written in the steady state as follows:
In a specific slip condition, (28) becomes an equation for a circle on the positive and negative sequence q-axis rotor current plane, assuming that the stator fluxes are constant. Fig. 6(a) and (b) show the q-axis rotor current trajectories of zero effective rotor power at the several slips, where the conditions of Table I are applied and ω N denotes the normalized speed
The inner area of the circle is the negative effective rotor power region and the outer area of the circle becomes the positive effective rotor power region as shown in Fig. 6(a) . Fig. 6(b) shows the trajectories of zero effective rotor power in the various speeds (ω N = −1∼1). According to the speeds, the center points and radiuses of the circles are changed as in (28) . Fig. 7 . Constant torque curves (blue), zero effective rotor power curves (green), and the current limit circle (red) at unity PF condition on the positive and negative sequence q-axis rotor currents plane.
D. Possible Operating Area and Torque Capability
The operating points on the q-axis rotor current plane satisfy both conditions of the desired torque and the zero effective rotor power for constant dc-link voltage, where the PF is regulated by the d-axis rotor currents. In addition, these operating points are within the rotor current limit considering the thermal issue.
In controlling each of the rotor currents in the positive and negative sequences, the RMS value of the rotor current can be calculated as follows:
where I p and I n are the vectors of the rotor currents in the positive and negative sequences, respectively, and I r denotes the total rotor current vector. Thus, the current limit of the qaxis rotor currents can be set as follows:
where I rated RMS denotes the RMS value of the rated rotor current. Along with the current limit, curves of constant torque and zero effective rotor power are drawn in Fig. 7 , where the d-axis rotor currents are determined in the conditions of (20) and (21) . In Fig. 7 , the operating point at a specific speed becomes the intersection of the desired torque curve and zero effective rotor power curve corresponding to the operating speed. Also this point should be in the current limit circle. If the intersection is formed in the outer region of the current limit circle, the operating point should be moved into the boundary of the circle, satisfying the zero effective rotor power condition, and it restricts the torque generation. It means that the dc-link voltage control has priority over the torque control because the dc-link voltage control is directly related to stability of the total system. Therefore, where the dc-link voltage is regulated to constant level, the maximum torque at a specific speed is determined by the intersection of the current limit circle and the zero effective rotor power curve of the speed. Fig. 8 . Torque capability curves of three-phase squirrel cage induction machine (blue), and the proposed system (red). Fig. 8 shows the torque capability of the proposed system according to the normalized speed. For the comparison with the conventional system, the capability of a vector-controlled threephase squirrel cage induction machine is also presented, where the dc-link voltage is fixed to the magnitude of the single-phase grid. In the low-speed range where |ω N | < 1.5, the proposed system has the lower torque than that of the three-phase squirrel cage induction machine. On the other hand, in the high-speed range where |ω N | > 2, SEF-SDFWM can generate the higher torque than the three-phase squirrel cage induction machine because the proposed system can boost the dc-link voltage by the rotor-side inverter without any additional device.
IV. VECTOR CONTROL METHOD OF SEF-SDFWM
A. Torque and Voltage Component Currents
The q-axis rotor currents in the positive and negative sequences are related to the effective torque and rotor power. Hence, in this paper, two new variables are defined and used as torque and dc-link voltage control factors to remove the coupling of the torque and rotor power in the q-axis rotor currents
If the new variables are applied, the curves of Fig. 7 can be redrawn on the plane of I qr,V and I qr,T as shown in Fig. 9 . The constant torque curves are nearly parallel to I qr,V axis and orthogonal to I qr,T axis. Hence, the effective rotor power can be controlled by I qr,V , causing no effect on the torque generation, where the effective torque is regulated by I qr,T . It means that the coupling can be removed by using these variables. In this paper, I qr,T and I qr,V are called the torque and voltage component currents, respectively. Fig. 10 shows the proposed speed control block diagram, where the superscript " * " means the reference value. A PI-controller is applied and yields the effective torque reference. The reference is divided by the torque constant, and then Fig. 9 . Constant torque curves (blue), zero effective rotor power curves (green), and the current limit circle (red) on the voltage and torque component currents plane at zero stator reactive power condition. converted to the reference of the torque component current I * qr,T . The reference of the torque component current is limited by the rated rotor current considering not only the d-axis rotor currents for the grid PF control but also the reference of the voltage component current for the dc-link voltage control. Also, since the proposed system has the ripple torque as in (13), a notch filter with the stop frequency of 2ω g is applied in order to block the ripple effect in the effective torque reference.
B. Speed Control
C. Dc-Link Voltage Control
In SEF-SDFWM, because the dc link is connected to the rotorside inverter only, the effective rotor power can be represented as follows:
where P dc and I dc denote the power and current into the dc link, respectively, and C dc is the capacitance of the dc link. Based on (33), the controller can be designed with a PI-controller to regulate the dc-link voltage as shown in Fig. 11 . The input of the dc-link voltage controller is the error between the reference, V * dc , and the measured value, V dc , of the dc-link voltage. Its output becomes the reference of the dc-link current, I * dc . Here, the notch filter is used to remove the ripple effect, and the transfer function of the controller can be obtained from (33) where k pv and k iv are the proportional and integral gains of the PI-controller, respectively. The transfer function can be approximated as a second-order low-pass filter (LPF) as in (34). Thus, if the natural frequency, ω n , and the damping ratio, ζ, of the second-order LPF are determined according to the required performance, the PI gains are decided by
The reference of the dc-link current from the PI controller is converted to the reference of the effective rotor power, P * r,eff , based on (33). Here, the effective rotor power of (27) can be rewritten by applying the torque and voltage component currents as follows:
In (36), the first bracketed term is determined by the d-axis rotor currents and the torque component current, respectively, regardless of the voltage component current. So this term can be defined and used as a power feed-forward, P f f . On the other hand, the second bracketed term of (36) is determined by the voltage component current only. Here, if the rotor resistance is ignored, the effective rotor power can be simplified as follows:
where K P is the power constant. From (37), the reference of the effective rotor power is converted into the reference of the voltage component current, I * qr,V , as shown in Fig. 11 .
D. Current Control
In the proposed system, PI-controllers for the rotor current control are used as in Fig. 12 , where the superscript "r" denotes a rotor reference frame. The PI-controllers are applied to each of the rotor currents in the positive and negative sequences, and generate the references of the rotor voltages in the synchronous reference frame. They are finally summed in the rotor reference frame, and the sum is modulated by the inverter. Here, since the measured currents, I r dq r , include both of the positive and negative sequence components, the measured rotor currents should be divided into the positive and negative sequence components. Therefore, a notch filter with the stop frequency of 2ω g is applied to eliminate the undesired component from the measured currents. Also, the notch filters are applied to the anti-windup signals in order to obtain each of the positive and negative sequence rotor voltages from the voltage synthesized by the inverter, V r dq r , as shown in Fig. 12 . All of the gains and the feed forward terms of the proposed current controllers can be determined in the same way with the conventional PI-current controllers of the DFIM, because each of the positive and negative sequence models is exactly the same as the DFIM. Fig. 13 shows the entire proposed control block diagram of the proposed system, where the speed, dc-link voltage, and rotor current controllers are applied. The references of the torque and voltage component currents are converted to the references of the q-axis rotor currents by (32). Also, in order to control the stator reactive power, the references of the d-axis rotor currents are generated based on (18) and (20) . Finally, all references of the rotor currents are used in the current controller to generate the references of the rotor voltages and they are modulated by the rotor-side inverter.
V. EXPERIMENTAL RESULTS
The experiments were executed with a DFIM, in which the stator is connected to the single-phase grid and the rotor is connected to the three-phase inverter through the slip rings as shown in Fig. 2(a) . Fig. 14 shows a photograph of the experimental setup, where a 4.4-kW servo motor is coupled as a load machine. The parameters of the system and the single-phase grid conditions are listed in Table I . At the startup, the dc-link capacitor is charged by the induced voltage through the antiparallel diodes of the switches. After the charge, the dc-link voltage is controlled, and then the grid PF and speed controllers start to work as a converter connected with a single-phase static transformer. Fig. 15 shows the performances of the speed and the dclink voltage controls in the step speed command from zero via 1800 r/min (ω N = 1) to zero under the inertia load, where the dc-link voltage was regulated to 300 V and twice the rated rotor current was allowed in the transient state. The references of the torque and voltage component currents were determined by the proposed speed and dc-link voltage controllers. As shown in Fig. 15(a) , the rotating speed and dc-link voltage were regulated according to the references. Here, the acceleration at the high speed is low because the maximum torque is restricted according to the rotating speed as shown in Fig. 8 . Also, the torque capability of Fig. 8 explains why the characteristics of the acceleration and the deceleration are significantly different. It is because the maximum motoring torque is lower than the maximum regenerating torque at the same speed. In addition, for the verification of the proposed control methods, the references of the torque and voltage component currents, and their Lissajous curve are shown in Fig. 15(b) . At the A point, the step command was applied to the speed controller, and the torque component current was increased. Also, in order to meet the condition that P r,eff = 0, the voltage component current was changed by the dc-link voltage controller. From the Lissajous curve of Fig. 15(b) , the trajectory of the torque and voltage com- ponent currents in this experiment coincides with the simulation result of Fig. 9 . Fig. 16 shows the measured stator voltage, current, the rotor voltage references in the rotor reference frame, and the measured d-axis rotor current at 900 /min (ω N = 0.5) under the rated load torque, where the proposed speed, dc-link voltage, and PF controls were applied. The stator voltage and current were in the same phase by the PF control as in Fig. 16(a) . Because the positive sequence slip frequency was 30 Hz, the frequencies of the positive and negative sequence d-axis rotor voltages were 30 and 90 Hz, respectively. Also, the d-axis rotor current in the rotor reference frame has two components of 30 and 90 Hz as in Fig. 16(b) .
The performances of the speed, the dc-link voltage, the PF controls at 900 r/min under the step load of the rated torque are shown in Fig. 17 , where twice the rated rotor current was allowed in the transient state. Under the rated load, the torque component current was increased by the speed controller and the voltage component current was also increased by the dc-link voltage controller for zero effective rotor power condition as in Fig. 17(a) . In the meantime, due to the PF control, the stator side maintained unity PF as shown in Fig. 17(b) . Fig. 18 shows the PF control by the d-axis rotor currents at 900 r/min under the half rated load torque. For unity PF and zero reactive power, the d-axis rotor currents were changed to be the value satisfying the conditions of (20) and (21) . By the PF control, the stator PF was controlled to be unity although the half rated load torque was applied. Fig. 19 shows the performance of the dc-link voltage control at 900 r/min, where the reference of the dc-link voltage was changed from 200 V via 350 to 200 V. At the first change in the reference, the voltage component current increased to the rated current and the torque component current became zero because the dc-link voltage control has the priority over the speed control. By the increased voltage component current, the effective rotor power was changed to be negative, and then the dc-link voltage was changed to 350 V. As the dc-link voltage was regulated to the reference, two currents were returned to initial states for the zero effective rotor power and the speed control. At the second change in the reference, the voltage component current increased into reverse direction of the aforementioned case for the positive effective rotor power so the dc-link voltage was changed to 200 V. Fig. 20 (a) and (b) shows the efficiencies of SEF-SDFWM in the motoring and regenerating modes, respectively, according to varied input power at several operating speeds. Here, the stator PF and the dc-link voltage were regulated to unity and 300 V, respectively, and P m denotes the mechanical power, which is calculated from the torque of the load machine. The characteristics of the efficiency in the proposed system were similar with those of the conventional three-phase machine regardless of the operation mode. As the speed increased, the efficiencies were improved and the maximum efficiency at the fixed speed was obtained at the midpoint of the input power. Since the test machine is a small sized wound machine and the efficiency is not optimized, the peak conversion efficiency is around 80%. In order to improve this, the flux conditions of the proposed control strategy should be considered in the machine design.
VI. CONCLUSION
This paper has presented a configuration of SEF-SDFWM and the control method. The stator is directly connected to the singlephase grid and the rotor is connected to the three-phase inverter, which is not fed by any other external power source. Since the proposed control methods include the ripple components from the pulsating stator flux and the grid power is directly converted, the considerations for the precise control applications or the systems which are vulnerable to the disturbance are required. However, the proposed system uses only one rotor-side inverter and does not require any rectifier and input filter. Additionally, since the inverter is isolated from the grid, the inverter can be integrated into the rotor shaft. Thus, the brushes and slip rings of the conventional DFIMs can be eliminated. The system structure is compact and can reduce the cost and size of the total system. The proposed system is modeled as the sum of two DFIMs, of which the stator windings are connected to the three-phase voltages in the positive and negative sequences, respectively. Based on these models, the torque, rotor power, and stator power are analyzed and the vector control methods of the speed, dc-link voltage, and the grid PF are proposed. Further, the estimation of the stator flux can be added to enhance the control performance and endure the grid disturbance.
